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Microwave  dielectric  materials  are  used  more  and  more  widely  in  resonators,  ﬁlters,  integrated  passive
modules,  etc.,  for the  emerging  wireless  communications  applications.  The  low  sintering  temperature
together  with  excellent  and tunable  microwave  dielectric  properties  of the  M-phase  Li–Nb–Ti–O  ceramics
stimulated  much  interest  in  searching  new  microwave  materials  in  the  Li2O–Nb2O5–TiO2 ternary  system.eywords:
i–Nb–Ti–O
-phase
icrowave dielectric ceramic
TCC
In  the  past  decade,  a series  of Li–Nb–Ti–O  based  microwave  dielectric  ceramics  and  low  temperature
co-ﬁred ceramics  have  been  developed.  The  present  paper  summarized  the  comprehensive  work  on
the microstructure,  microwave  dielectric  properties,  and  low  temperature  sintering  of  the  Li–Nb–Ti–O
ceramics.  We  expect  to  provide  broad-spectrum  information  of  these  materials  for  readers  to  promote
their  applications  in  modern  wireless  communication  technology.
© 2013  The  Ceramic  Society  of  Japan  and  the Korean  Ceramic  Society.  Production  and  hosting  by
Elsevier  B.V.  All  rights  reserved.
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. Introduction
Microwave dielectric ceramics have been widely used in mod-
rn wireless communications, globe positioning systems, and
atellite broadcasting systems [1]. Relative permittivity (εr), quality
actor (Q·f), and temperature coefﬁcient of the resonant frequency
f) are the key parameters of microwave dielectric materials. Near
zero temperature coefﬁcient is preferred, which allows the compo-
nents to work well under a wide temperature range. A high quality
factor assures a narrow signal receiving/transmission frequency
band. Microwave dielectric ceramics with various permittivities
are needed in different microwave components. For example,
microwave circuit packaging substrates are made from low permit-
tivity materials for fast signal transmission. Microwave dielectric
ceramics with medium permittivity of 20–50 are widely used in∗ Corresponding author. Tel.: +86 21 52411042.
E-mail addresses: liuzf@mail.sic.ac.cn (Z. Liu), yxli@mail.sic.ac.cn (Y. Li).
eer review under responsibility of The Ceramic Society of Japan and the Korean
eramic Society.
187-0764 © 2013 The Ceramic Society of Japan and the Korean Ceramic Society.
roduction and hosting by Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.jascer.2013.02.002
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tielectric resonators/ﬁlters [2]. Nowadays, there are increasing
emands for high permittivity materials to reduce the size of the
icrowave components [2,3]. So the exploration of high perfor-
ance microwave dielectric ceramic materials is an everlasting
ask for material scientists.
Ten years ago, Borisevich and Davies [4,5] reported the excel-
ent dielectric properties (εr = 55–80, a tunable f, and Q·f  values
p to 9000 GHz) of the “M-phase” compounds in the Li–Nb–Ti–O
ystem. Later on, Zeng et al. [6] found that the relative permit-
ivity could be reduced to ∼20 in the niobium (Nb) containing
i2TiO3 solid solution region, which extended the tunable permit-
ivity range to 20–80. The tunable permittivity and low sintering
Z. Liu et al. / Journal of Asian Ceramic Societies 1 (2013) 2–8 3
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Fig. 2. Schematic diagram of the crystal structure of the M-phase Li–Nb–Ti–O
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FFig. 1. Phase diagram of the Li2O–NB2O5–TiO2 ternary system at 1100 ◦C.
ata from Ref. [4].
emperature (about 1100 ◦C) make the Li–Nb–Ti–O system ceram-
cs more attractive for passive integrated device applications
sing the low temperature co-ﬁred ceramic (LTCC) technology.
herefore, the Li–Nb–Ti–O based microwave ceramics have been
xtensively studied in recent years. This paper summarized the
pdated research progresses on the Li–Nb–Ti–O microwave dielec-
ric ceramics.
. The Li–Nb–Ti–O material systems
Since 1980s, extensive work has been done on the compounds
nd solid solutions existing in the Li2O–Nb2O5–TiO2 ternary sys-
em [6–11]. The phase diagram of this ternary system is shown
n Fig. 1. A series of compounds and solid solutions have been
eported including binary compounds such as LiNbO3, Li2TiO3,
i2Ti3O7, Li4Ti5O12, and LiNb3O8, ternary solid solutions such
s LixNb3xTi1−4xO2 (0 < x < 0.17), Li1−xNb3−3xTi4xO8 (0 < x < 0.06),
i2+xNb3xTi1−4xO3, and the M-phase, Li1+x−yNb1−x−3yTix+4yO3
0.05 < x < 0.3, 0 < y < 0.182) [7,8], which may  be used in optical,
lectrical, and electrochemical systems [4,9–12].
Particular attention has been paid on the M-phase region
ecause of their interesting layered structure and excellent
icrowave dielectric properties with low sintering temperature.
illafuerte-Castrejon et al. [7] reported ﬁrstly the M-phase and
ndicated that M-phase is a kind of solid solution related to LiNbO3
nd Li2TiO3. But they did not give the detailed information of the
icrostructure. In 1992, Smith and West put forward a structure
odel of the M-phase based on the study of the microstructure of
he compounds near Li2O rich end of the M-phase ﬁeld [8]. They
elieved that the M-phase has incommensurate structures com-
rised of random intergrowths of LiNbO3 and rocksalt-type Li2TiO3
ayers along c-axis. According to another model proposed by Roth
nd Davis based on their study along the LiNbO3–Li4Ti5O12 phase
oin, the M-phase ﬁeld is comprised of ordered intergrowths of
iNbO3-like layers and a spinel-type (Li4Ti5O12) layer [13]. Both
odels imply stacking faults in the oxygen packing at the inter-
aces between LiNbO3-type and either rocksalt or spinel type layers.
owever, no evidence was presented to support existence of such
tacking defects in the oxygen subcell. Except for these models,
oth [13] noted that the structure of M-phase has similarity with
etastable H-Li2Ti3O7. A few experiments also conﬁrmed that the
-phase Li–Nb–Ti–O material has relation with H-Li2Ti3O7 [14].
a
w
n
zeramics.
ata from Ref. [4].
To clarify the structure of the M-phase, Borisevich and Davies
einvestigated the microstructure of the M-phase region systemat-
cally using high-resolution transmission electron microscope and
ingle-crystal X-ray diffraction [4]. They demonstrated that the M-
hase is not a solid solution but rather a homologous series of
ommensurate intergrowth structures with LiNbO3 layers sepa-
ated by single [Ti2O3]2− corundum-type layers, as shown in Fig. 2.
ased on their ﬁrst-principles calculation, Nakano et al. [15] indi-
ated that this kind of layered structure is thermodynamically
table. The charge of the layers is compensated by partial Ti4+/Nb5+
ubstitution within the LiNbO3 blocks. The thickness of the LiNbO3
ayer decreases with increasing Ti-content from 55 to 3 atomic
ayers in the metastable H-Li2Ti3O7 end-member [16]. This kind
f laminated structure of the M-phase makes it very ﬂexible to
une the microwave dielectric properties by adjusting the Ti4+/Nb5+
atio, by element replacement, or by using the anisotropic property
long c- and a-directions.
. Microwave dielectric properties of the Li–Nb–Ti–O
eramics
The microwave dielectric properties of the Li–Nb–Ti–O ceramics
ere reported ﬁrstly by Borisevich and Davies [5]. They explored
he dielectric properties of the Li1−x−yNb1−x−3yTix−4yO3 ceramics
ith composition located in the M-phase ﬁeld and found the close
elation of the dielectric properties with composition. The observed
r values were quite high and ranged from 78 (x = 0.15, y = 0) to 55
x = 0.1, y = 0.175), and generally decreases with increasing x and
. The quality factor increases with the titanium content, reaching
 Q·f = 9000 (at 6 GHz) for the sample with x = 0.1, y = 0.175 [4,5].
urthermore, the temperature coefﬁcient of resonant frequency f
lso exhibits systematic changes with composition. Positive values
ere observed for low values of y, while samples with high tita-
ium concentrations exhibit negative f. The f value is tunable to
ero in the middle of the M-phase ﬁeld. Yamamoto et al. [17] found
4 Z. Liu et al. / Journal of Asian Ceramic Societies 1 (2013) 2–8
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hat the permittivity increased with increasing of periodicity of the
-phase superstructures, which could be varied by the amount
f Ti concentration. The excellent microwave dielectric properties
f M-phase stimulated much interest in the Li–Nb–Ti–O ceram-
cs for microwave communication applications. Several groups did
xtensive work on the microwave properties of the M-phase of the
i–Nb–Ti–O ceramics from different aspects [18–25].
Since the microwave dielectric properties have very close rela-
ion with composition and the Q·f increases with the increase of
i content, it is possible to ﬁnd excellent Li–Nb–Ti–O microwave
ielectric materials with composition outside of the M-phase
egion. Zeng [26] studied the microwave dielectric materials
ocated in Li2+xNb3xTi1−4xO3 (x < 0.91) region, which composed of
he single phase of Nb containing Li2TiO3 solid solution. These
aterials also have relative low sintering temperature of about
100 ◦C and outstanding dielectric properties. A quality factor of
p to 60,000 GHz (with permittivity of ∼21 and f ≈ 10.4 ppm/◦C)
an be obtained for the Li2.02Nb0.06Ti0.92O3 materials [26]. The per-
ittivity varies between 19 and 24 with the change of x values and
he f is also tunable.
From the phase diagram we can see that there is a dual-
hase region between the M-phase region and the Li2TiO3
olid solution region, which contains both M-phase and Li2TiO3
olid solution. Because of the excellent dielectric properties
f the M-phase and the Li2TiO3 solid solution, the materials
ocated in dual-phase region certainly elicited the attention of
esearchers. Zeng et al. [27] studied the 5Li2O–Nb2O5–5TiO2
eramic composite, which is composed of two phases: the
i2TiO3 M-phase and solid solution phase. The ceramic com-
osite also has low sintering temperature (∼1100 ◦C) and good
icrowave dielectric properties of a relatively high permittiv-
ty (∼36), high Q·f value up to 10,482 GHz (at 5.9 GHz), and
ear zero temperature coefﬁcient (∼12.2 ppm/◦C). Zhou et al.
nvestigated the 3Li2O–Nb2O5–3TiO2, 5.5Li2O–Nb2O5–7TiO2, and
.7Li2O–Nb2O5–7.3TiO2 ceramic composites [28–30]. These mate-
ials showed permittivities around 40 and quality factor higher
han 10,000 GHz. Zeng et al. [31] went even further to mix the
-phase LiNb0.6Ti0.5O3 and the Nb containing Li2TiO3 solid solu-
ion directly with a large ratio variation. Fig. 3 shows the SEM
mages of the yLiNb0.6Ti0.5O3/(1 − y)Li2.02Ti0.92Nb0.06O3 (y = 0.2,
.8) composite ceramics. Two kinds of phases can be obviously
een and the amount of the long bar-shaped grains A, the
b-rich M-phase, increased with the proportion of M-phase
iNb0.6Ti0.5O3. In this material system, the microwave dielectric
roperties of the composite ceramics could be effectively con-
rolled or adjusted by varying y values. The permittivity could
e largely adjusted from ∼20 to ∼60 with high quality factor by
t
T
t
mb0.92Ti0.06O3 composite ceramics: (a) y = 0.2; (b) y = 0.8.
arying y values between 0.2 and 0.8. Moreover, the f values
f yLiNb0.6Ti0.5O3/(1 − y)Li2.02Ti0.92Nb0.06O3 composite ceramics
emonstrated high tenability and increased with the increasing y
alues [31]. More microwave dielectric parameters of the ceramic
omposites were listed in Table 1.
Besides the M-phase and the Ti rich region, the microwave
ielectric properties of the Nb rich region were also investigated.
akata et al. [32] reported the microwave dielectric properties of
he Ti containing LiNb3O8 solid solution with composition near
he LiNb3O8 phase point in the Li2O–Nb2O5–TiO2 ternary phase
iagram. The pure LiNb3O8 compound showed a dielectric of
1 with quality factor of 56,000 and temperature coefﬁcient of
100 ppm/◦C. With the addition of Ti, the permittivity increases,
ccompanied by the decrease of quality factor and the increase of
emperature coefﬁcient. The LiNb3O8 solid solution with a compo-
ition of 0.21LiO0.5–0.62NbO2.5–0.17TiO2 showed a permittivity of
1, a quality factor of 15,000 (1 GHz), and a temperature coefﬁcient
f 100 ppm/◦C. The sintering behavior of the LiNb3O8 ceramics is
ore like niobate ceramics and the sintering temperature is up to
350 ◦C, which is higher than the M-phase and the Li2TiO3 solid
olution ceramics.
Although only very small region was explored in the
i2O–Nb2O5–TiO2 phase diagram, a series of excellent microwave
ielectric materials have been reported. The permittivity covers a
ide range from 20 to 80. The tunable dielectric properties in wide
 range makes in such a way  that the Li–Nb–Ti–O material systems
re very attractive for fabricating multi-layer integrated passive
evices through low temperature homogeneous co-ﬁring process.
. Anisotropic properties of textured Li–Nb–Ti–O ceramics
It is demonstrated previously that the M-phase Li–Nb–Ti–O
aterials consist of commensurate intergrowth structures with
iNbO3 slabs inserted by single [Ti2O3]2+ corundum-type layers.
his kind of laminated structure could result in the property
nisotropy in c-axis in response to the a–b plane. To study the
nisotropic properties, highly textured Li–Nb–Ti–O ceramics were
repared by a screen-printing templated grain growth (sp-TGG)
rocess, in which large oriented anisotropic template particles are
istributed in a ﬁne-grained matrix and grow preferentially to pro-
uce high-density textured ceramics [33,34].
As shown in Fig. 4, the M-phase LiNb0.6Ti0.5O3 particles with
iameters of 5–20 m and thickness of 0.5–2 m have been syn-
hesized by a molten salt synthesis in LiCl ﬂux at 1000 ◦C [35].
hese kinds of plate-like particles with large aspect ratio are good
emplates for fabricating textured ceramics. By mixing stoichio-
etric powders with certain amounts of platelet LiNb0.6Ti0.5O3
Z. Liu et al. / Journal of Asian Ceramic Societies 1 (2013) 2–8 5
Table  1
Microwave dielectric properties of Li–Nb–Ti–O ceramics.
Materials Sintering temperature (◦C) εr Q·f (GHz) f (ppm/K) References
5Li2O–0.583Nb2O5–3.248TiO2 + 1 wt% V2O5 920 21.5 32,938 6.1 [38]
5Li2O–0.58Nb2O5–3.23TiO2 + 0.5 wt% B2O3 880 22 32,000 9.5 [43]
0.2(LiNb0.6Ti0.5O3) + 0.8(Li2.02Nb0.06Ti0.92O3) 1100 23.2 14,991 13.93 [31]
0.4(LiNb0.6Ti0.5O3) + 0.6(Li2.02Nb0.06Ti0.92O3) 1100 29.8 10,074 24.23 [31]
0.25LiO0.5–0.75NbO2.5 1350 31 56,000 −100 [32]
5Li2O–Nb2O5–5TiO2 1120 36 10,482 12 [27]
0.24LiO0.5–0.71NbO2.5–0.05TiO2 1350 38 40,000 −99 [32]
5.7Li2O–Nb2O5–7.3TiO2 1100 39.5 16,200 63 [28]
0.5(LiNb0.6Ti0.5O3) + 0.5(Li2.02Nb0.06Ti0.92O3) 1100 40.1 9018 25.36 [31]
5.5Li2O–Nb2O5–7TiO2 + 1wt%B2O3 875 40.8 15,560 50 [40]
5Li2O–Nb2O5–5TiO2 + 1 wt%  B2O3 900 41 9885 43.6 [51]
5Li2O–Nb2O5–5TiO2 + 1 wt%  V2O5 900 41.7 7820 45 [37]
5.5Li2O–Nb2O5–7TiO2 1075 42 16,900 63.7 [29]
0.225LiO0.5–0.675NbO2.5–0.1TiO2 1350 44 28,000 −20 [32]
0.22LiO0.5–0.66NbO2.5–0.12TiO2 1350 44 23,000 15 [32]
0.6(LiNb0.6Ti0.5O3) + 0.4(Li2.02Nb0.06Ti0.92O3) 1100 46.8 8041 34.9 [31]
0.222LiO0.5–0.668NbO2.5–0.11TiO2 1350 47 25,000 0 [32]
5.7Li2O–Nb2O5–14.7TiO2 + 2 wt% (B2O3–CuO) 900 48.7 16,350 32 [45]
11Li2O–3Nb2O5–12TiO2 + 0.5wt% B2O3 900 49.2 8830 57.6 [52]
3Li2O–Nb2O5–3TiO2 + 2 wt%  (B2O3 + CuO) 900 50.1 8300 35 [44]
3Li2O–Nb2O5–3TiO2 + 1 wt%  (0.83Li2O–0.17V2O5) 900 51.3 7235 22 [30]
3Li2O–Nb2O5–6TiO2 + 1wt% B2O3 900 52 12,000 32.3 [39]
Li0.925Nb0.375Ti0.8O3 1100 54.88 8896 28 [4]
Li0.95Nb0.45Ti0.7O3 1100 56.19 8435 15 [4]
Li0.95Nb0.65Ti0.45O3 1100 58.45 6233 −31 [4]
0.8(LiNb0.6Ti0.5O3) + 0.2(Li2.02Nb0.06Ti0.92O3) 1100 59.1 6944 35.5 [31]
Li0.975Nb0.525Ti0.6O3 1100 59.16 7565 22 [4]
Li1.05Nb0.55Ti0.55O3 900 60.2 3868 35.7 [18]
0.21LiO0.5–0.62NbO2.5–0.17TiO2 1350 61 15,000 100 [32]
Li1.05Nb0.75Ti0.3O3 1100 62.38 3949 −53 [4]
Li0.025Nb0.675Ti0.4O3 1100 64.04 4612 −15 [4]
LiNb0.6Ti0.5O3 1100 64.79 6385 8 [4]
LiNb0.6Ti0.5O3 + 2 wt% (B2O3 + CuO) 900 66 6210 25 [23]
LiNb0.63Ti0.4625O3 + 1 wt%  B2O3 860 68 4800 −1.1 [49]
LiNb0.6Ti0.5O3 + 1 wt% (ZnO–B2O3) 875 70 5900 −4.5 [53]
LiNb0.6Ti0.5O3 + 1 wt% B2O3 880 70 5400 −6.39 [41]
LiNb0.63Ti0.4625O3 + 0.1 wt% (B2O3–SiO2) 900 
Li1.15Nb0.85Ti0.15O3 1100 
LiNb0.8Ti0.2O3 1100 
Fig. 4. SEM image of the LiNb Ti prepared by molten salt synthesis at 1000 ◦C
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different directions.  represents the angle between the plane
parallel to measured sheet and screen-printing plane. The sample
measured parallel to the screen-printing plane (a–b plane,  = 0)
Table 2
The dielectric properties of laminas tailored along different directions at 1 MHz  (ref.
[34]).
 (◦) εr (tested at 25 ◦C) f (ppm/◦C) tg ı (10−4) ε (calculated)
0 55.3 75 8.37 55.30.6 0.5
or  6 h.
ata from Ref. [35].
emplates, binders, and organic vehicles, the Li–Nb–Ti–O paste for
he screen-printing process was obtained. The paste was  screened
y a squeegee through a screen, forcing the plate-like template
eeds orientated parallel onto a glass substrate, and then dried at
5 ◦C. The process was repeated ∼200 times until the multi-layered
hick ﬁlm reached about 200 m.  The laminates were heated at71.7 4950 2.1 [46]
76.21 997 −62 [4]
77.76 2184 −42 [4]
50 ◦C in air for 2 h to burn out the binder and organic vehicles, and
hen sintered at 1100 ◦C for 2 h to obtain sintered ceramics. Dur-
ng the sintering process, plate-like templates acted as seeds and
rew by consuming matrix powders, forming textured ceramics
34]. Fig. 5 represents the SEM images of the textured ceram-
cs. Well-grown plate-like shape grains are distributed parallel to
creen-printing plane, exhibiting a strongly textured microstruc-
ure.
To study the relationship between dielectric properties and
irections, the ceramics were cut along different orientations, as
hown in Fig. 6 [34]. The microstructure anisotropy of Li–Nb–Ti–O
eramics leads to the difference of permittivity and temperature
oefﬁcient of permittivity along different directions. Table 2 shows
he dielectric properties of the textured ceramic cutting along30  60.3 32 7.73 62.4
45  66.6 −10 8.74 69.5
60  74.9 −55 7.56 76.3
90  83.6 −120 6.17 83.6
6 Z. Liu et al. / Journal of Asian Ceramic Societies 1 (2013) 2–8
Fig. 5. SEM micrographs of surface of ceramics from two processing routes. (a) Randomly oriented grains by conventional method; (b) textured ceramics LNT-10T parallel
t  plane
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5o  (LNT-10(‖)); (c) surface (thermally etched) perpendicular to the screen-printing
erpendicular to the screen-printing plane (LNT-20(⊥)).
ata from Ref. [34].
xhibits a permittivity of 55.3, while the sample measured vertical
o the screen-printing plane (c plane,  = 90) shows a permittivity
f 83.6. The samples cutting along different directions have permit-
ivities between 55.3 and 83.6. As a function of the degree between
he measured plane and a–b plane, permittivity is easily calculated
rom the principal permittivity:
 = ε11 sin2  + ε33 cos2 
he calculated permittivities are also shown in Table 2, which show
 well matching with the measured values because of the high ori-
ntation. All the tested samples exhibit lower dielectric loss >103.
t suggests that permittivity ranging from 55.3 to 83.6 could be
btained by tailoring along different cut directions, and the prop-
rties could be tunable by tailoring the angle .
a
a
n (LNT-10(⊥)); (d) surface of textured ceramics LNT-20T parallel to (LNT-20(‖)); (e)
Another noteworthy result is the change of the f from 75 to
120 ppm/◦C as the tailoring angle varies from 0◦ to 90◦. It indi-
ates that the temperature dependence of the permittivity can be
ailored to a desired value close to zero at a proper cutting angle
or various microwave applications. These results indicated that
eveloping the textured microstructures with excellent anisotropic
ielectric properties could provide a novel way to tune the dielec-
ric properties.
. Low-temperature sintering of the Li–Nb–Ti–O ceramicsReducing the sintering temperature to below the Ag/Cu met-
llization melting temperature (961 ◦C/1064 ◦C) would extend the
pplication of microwave ceramics to emerging passive compo-
ents and multilayer integrated modules by using the LTCC process.
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Fig. 6. Schematic diagram of laminas tailored along different directions for dielec-
tric  test.
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Fig. 7. A picture of the Li–Nb–Ti–O based low temperature co-ﬁred ceramic (LTCC)
material coﬁred with sliver electrode.
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ecause most of the known commercial microwave dielectric
aterials have processing temperatures of about 1300 ◦C or higher,
arge amounts of low melting point compounds need to be added
o reduce the sintering temperature to a desired value, which nor-
ally induce a signiﬁcant deterioration in dielectric properties. So
icrowave dielectric ceramics with low sintering temperature are
ighly desired for LTCC components development. The Li–Nb–Ti–O
icrowave dielectric ceramics have low sintering temperature of
bout 1100 ◦C and attracted much attention in LTCC applications.
Several kinds of additives, including V2O5 [18,36–38], B2O3
39–43], Li2O–V2O5 [30], B2O3–CuO [44,45], B2O3–SiO2 [46],
2O3–Bi2O3 [47], have been used to decrease the sintering tem-
erature of Li–Nb–Ti–O microwave dielectric ceramics to below
50 ◦C. Borisevich and Davies [36] systematically investigated the
ffect of V2O5 on the properties of M-phase Li–Nb–Ti–O ceramics.
hey found that the addition of V2O5 led to a large reduction in
he sintering temperature and the M-phase LiNb0.6Ti0.5O3 ceramic
ould be fully densiﬁed at 900 ◦C by an only 2 at% substitution
f V5+ for Nb5+. The substitution of V5+ for Nb5+ had a relatively
inor adverse effect on the microwave dielectric properties of the
-phase system and the V5+ substituted Li(Nb0.98V0.02)0.6Ti0.5O3
eramics had permittivity of 66, quality factor of 3800 at 5.6 GHz,
nd temperature coefﬁcient of 11 ppm/◦C. Zeng et al. [38] found
hat a 1 wt% addition of V2O5 to 5Li2O–0.583Nb2O5–3.248TiO2
eramics could lower the sintering temperature down to 920 ◦C
ue to the liquid phase effect. No much degradation on the
icrowave dielectric properties was induced and the excel-
ent microwave dielectric properties of εr = 21.5, Q·f = 32,938 GHz,
nd f = 6.1 ppm/◦C could be obtained. By adding only 1 wt%
.83Li2O–0.17 V2O5, Zhou et al. [30] reduced the sintering temper-
ture of 3Li2O–Nb2O5–3TiO2 ceramics from 1100 to 900 ◦C.
Much work has been done on applying B2O3 based addi-
ives to the Li–Nb–Ti–O system because of their low melting
oint. Only 1 wt% B2O3 addition to the M-phase LiNb0.6Ti0.5O3
eramic can reduce the sintering temperature to 880 ◦C and
ood microwave dielectric properties of εr = 70, Q·f = 5400 GHz,
f = −6.39 ppm/◦C can be obtained [41]. Long et al. [46] inves-
igated the effect of B2O3–SiO2 additives on the sintering and
roperties of LiNb0.63Ti0.4625O3 ceramics. With the addition of
.10 wt% B2O3–SiO2, the ceramics sintered at 900 ◦C showed favor-
ble microwave dielectric properties with εr = 71.7, Q·f = 4950 GHz,
nd f = −2.1 ppm/◦C. The B2O3–CuO addition could also effec-
ively reduce the sintering temperature of Li–Nb–Ti–O ceramics.
ypically, the excellent microwave dielectric properties of εr = 50.1,
M
r·f = 8830 GHz, and f = 35 ppm/◦C were obtained for the 2 wt%
2O3–CuO doped LiNb0.6Ti0.5O3 ceramic sintered at 900 ◦C [44].
Beneﬁt from the low sintering temperature of the Li–Nb–Ti–O
aterials could be that very small amount of sintering aids addi-
ion can reduce the sintering temperature below 950 ◦C, which
voids much degradation in the microwave dielectric properties.
urthermore, for either V2O5 or B2O3 or composite additive-doped
i–Nb–Ti–O ceramics, very good co-ﬁring combinability with sliver
as obtained. These features make the Li–Nb–Ti–O microwave
ielectric ceramics a promising candidate for LTCC applications.
ther approaches, such as synthesis ﬁne powder using sol–gel
rocess [48–50], are also effective in reducing the sintering temper-
ture of the Li–Nb–Ti–O ceramics, which increases the ﬂexibility of
rocessing in the applications.
. Application of the Li–Nb–Ti–O microwave ceramics
The wide range tunable permittivity from 20 to 80 brings the
i–Nb–Ti–O microwave ceramics to a very wide application ﬁeld
ncluding the packaging substrate, antenna, ﬁlter, resonator, inte-
rated passive modules, and so on. Efforts have been made to
evelop the Li–Nb–Ti–O materials based components or devices.
e have developed a series of Li–Nb–Ti–O based LTCC materi-
ls. Fig. 7 is a picture of the Li–Nb–Ti–O based LTCC material
oﬁred with sliver electrode. Very clear interface can be seen
etween the Li–Nb–Ti–O LTCC material and the sliver electrode
trip line, indicating the good coﬁrability of the LTCC material with
liver. Microwave high-pass ﬁlters have been developed using the
i–Nb–Ti–O based LTCC material with a permittivity of 70. Fig. 8
hows a photograph of the microwave high-pass ﬁlters and their
ork performance. The high-pass ﬁlters have a center frequency of
900 MHz  with bandwidth of 1650–2150 MHz. The insertion loss
s lower than 2.3 dB at the temperature range of −40 ◦C to 85 ◦C and
howed very good temperature stability. These ﬁlters can be used in
obile communication devices. Although there is argument about
he high cost of the niobium source material, the advantages of the
i–Nb–Ti–O materials, including low sintering temperature, excel-
ent dielectric properties, and the tunable dielectric parameters,
ake this material a promising candidate for future applications.
ore work are being carried out to develop the Li–Nb–Ti–O mate-
ials based microwave components and modules.
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. Summary
A series of excellent microwave dielectric ceramics have been
eveloped from the Li–Nb–Ti–O material system. The tunable
icrowave dielectric properties and low sintering temperature
ake the Li–Nb–Ti–O microwave dielectric ceramics good can-
idates for microwave components and LTCC integrated passive
evices for wireless communication applications. While, only the
icrowave dielectric properties of M-phase, the Li2TiO3 solid solu-
ion, the region between M-phase and Li2TiO3 solid solution, and
he LiNb3O8 solid solution were investigated. There is large space
n the Li2O–Nb2O5–TiO2 ternary system to be explored, which may
pen new doors for the application of the Li–Nb–Ti–O ceramics in
icrowave wireless communication or other ﬁelds.
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